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Dysregulation of microRNAs is observed in many cancers,
including breast cancer. In particular, miR-10b appears to
play an important role in tumor cell invasion and breast can-
cer progression. In this study, we investigated hyaluronan
(HA)-induced CD44 (a primary HA receptor) interaction
with c-Src kinase and the transcriptional factor, Twist, in
breast tumor cells (MDA-MB-231 cells). Our results indicate
that HA binding to CD44 promotes c-Src kinase activation,
which, in turn, increases Twist phosphorylation, leading to
the nuclear translocation of Twist and transcriptional activa-
tion. Further analyses reveal that miR-10b is controlled by an
upstream promoter containing the Twist binding site(s),
whereas ChIP assays demonstrate that stimulation of miR-
10b expression by HA/CD44-activated c-Src is Twist-depen-
dent in breast tumor cells. This process results in the reduc-
tion of a tumor suppressor protein (HOXD10), RhoA/RhoC
up-regulation, Rho-kinase (ROK) activation, and breast tu-
mor cell invasion. Treatment of MDA-MB-231 cells with PP2
(a c-Src inhibitor) or Twist-specific siRNAs effectively blocks
HA-mediated Twist signaling events, abrogatesmiR-10b pro-
duction, and increases HOXD10 expression. Subsequently,
this c-Src/Twist signaling inhibition causes down-regulation
of RhoA/RhoC expression and impairment of ROK-regulated
cytoskeleton function (e.g. tumor cell invasion). To further
evaluate the role of miR-10b in RhoGTPase signaling, MDA-
MB-231 cells were also transfectedwith a specific anti-miR-10b
inhibitor in order to silence miR-10b expression and block its
target functions. Our results demonstrate that anti-miR-10b
inhibitor not only enhances HOXD10 expression but also abro-
gates HA/CD44-mediated tumor cell behaviors in breast tumor
cells. Taken together, these findings indicate that the HA-in-
duced CD44 interaction with c-Src-activated Twist plays a piv-
otal role inmiR-10b production, leading to the down-regulation
of tumor suppressor protein (HOXD10), RhoGTPase-ROKacti-
vation, and tumor cell invasion. All of these events are critical

prerequisite steps for the acquisition ofmetastatic properties by
human breast cancer cells.

CD44 denotes a family of cell surface glycoprotein receptors
that are expressed in a variety of human solid neoplasms, par-
ticularly those classified as breast cancer (1–16). Nucleotide
sequence analyses reveal that many CD44 isoforms (derived by
alternative splicing mechanisms) are variants of the standard
form, CD44s (17). The presence of high levels of CD44 variant
(CD44v) isoforms is emerging as an important metastatic
tumor marker in a number of cancers, including human breast
cancers (1–16). Recent studies have shown that CD44 is also
expressed in tumor stem cells that have the unique ability to
initiate tumor cell-specific properties (18). In fact, CD44
appears to be an important surfacemarker for cancer stem cells
(18). Hyaluronan (HA)2 (a major component in the extracellu-
lar matrix of most mammalian tissues) is also rich in stem cell
niches (19). All CD44 isoforms contain an HA-binding site in
their extracellular domain and thereby serve as a major cell
surface receptor for HA (1–16). Importantly, both CD44 and
HA are overexpressed/elevated at sites of tumor attachment
(1–16). HA binding to CD44 not only affects cell adhesion to
thematrix components but also is involved in the stimulation of
a variety of tumor cell-specific functions leading to breast can-
cer progression (1–16).
The Src family kinases are classified as oncogenic proteins

due to their ability to activate cell proliferation, spreading, and
migration in many cell types, including epithelial tumor cells
(20). It has been observed that the interaction between Src
kinase and membrane-linked molecules regulates receptor sig-
naling and various cellular functions (21). In fact, CD44-medi-
ated cellular signaling has been determined to involve Src
kinase family members (2, 15, 22). Moreover, the cytoplasmic
domain of CD44 binds to c-Src kinase at a single site with high
affinity (15). Most importantly, HA interaction with CD44
stimulates c-Src kinase activity, which, in turn, increases tyro-
sine phosphorylation of the cytoskeletal protein, cortactin.
Subsequently, tyrosine phosphorylation of cortactin attenuates
its ability to cross-link filamentous actin in vitro (15). Collec-
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tively, all of these observations support the notion that c-Src
kinases participate in HA/CD44-mediated cellular events.
Members of the Rho subclass of the Ras superfamily (small

molecular weight RhoGTPases (e.g. RhoA and RhoC)) are
known to transduce signals regulating many cellular processes
(23). Overexpression of certain RhoGTPases in human tumors
often correlates with a poor prognosis (24–26). In particular,
coordinated RhoGTPase signaling is considered to be part of a
likely mechanism underlying tumor cell invasion, an obvious
prerequisite for metastasis (24–27). A number of studies indi-
cate that HA/CD44-mediated tumor cell-specific phenotypes
are closely linked to cytoskeletal functions that involve the
small GTP-binding proteins, such as RhoA/RhoC, Rac1, and
Cdc42. Activation of RhoGTPase has been shown to produce
specific structural changes in actin assembly, cytoskeleton
reorganization, and tumor cell migration and invasion (23).
Several different enzymes have been identified as possible
downstream targets for RhoGTPases (e.g. RhoA and RhoC)
during the regulation of cytoskeleton-mediated cell motility
(24–27). One such enzyme is Rho-kinase (ROK; also called
Rho-binding kinase), which is a serine-threonine kinase (11, 12,
28–32). ROK interacts with RhoA/RhoC in a GTP-dependent
manner and phosphorylates a number of cellular proteins (11,
12, 28–32). For example, ROK phosphorylates myosin phos-
phatase and myosin light chain (30, 31), thereby activating
myosin adenosine triphosphatase (ATPase) and generating
actomyosin-mediated membrane motility (30, 31). However,
the cellular andmolecular mechanisms regulating the ability of
Rho-activated ROK to cause CD44-positive breast tumor cells
to migrate and invade other tissues remain poorly understood.
MicroRNAs (miRNAs) are endogenous small regulatory

RNAs (�22 nucleotides) that control gene expression by
repressing the translation and/or enhancing the degradation of
target mRNAs through a process known as RNA interference
(33). Recently, miRNA expression profiles have been utilized to
define different types of cancers, including breast cancer (34,
35). In current studies, miRNA-10b was found to be overex-
pressed in malignant glioma in addition to the overexpression
of RhoC and urokinase-type plasminogen activator receptor,
which are contributors to glioma invasion and migration (36).
Furthermore, in human esophageal cancer cell lines, KLF4
(Kruppel-like factor 4), a zinc finger protein that has been iden-
tified in several human tumors, is also a direct target ofmiR-10b
(37). Moreover, cell invasion and metastasis were both shown
to be initiated by miRNA-10b in breast cancer (38). A previous
report showed that silencing of miR-10b with antagomirs (an
anti-miR-10 inhibitor) both in vitro and in vivo significantly
decreases the amount ofmiR-10b and the level of a functionally
important miR-10b target, HOXD10, resulting in decreased
metastasis (39). Thus, the miR-10b inhibitor appears to be a
promising candidate for the development of new anti-metasta-
sis agents.
Twist, a basic helix-loop-helix transcription factor protein,

was initially identified as a major regulator of embryonic mor-
phogenesis (40). It often dimerizes with other basic helix-loop-
helix proteins, binds to short conserved sequences called
E-boxes (5�-CANNTG-3�) in the promoter regions, and tran-
scriptionally regulates target genes (41). A recent study indi-

cates that activated c-Src kinase induces Twist expression at
both the mRNA and protein levels (42). Elevated Twist expres-
sion is closely associated with angiogenesis and tumor metas-
tasis (43). Overexpression of Twist in CD44-positive breast
tumor cells promotes the generation of a breast cancer stemcell
phenotype (44). Twist has also been shown to induce miR-10b,
which inhibits the mRNA of HOXD10 and results in the
increase of RhoC (38). Therefore, Twist has a definitive role in
cancer progression. Understanding the mechanisms involved
in Twist signaling and the subsequent expression of miR-10b is
critically important for elucidating themechanisms involved in
HA/CD44-associated breast cancer metastasis.
In this study, we have discovered a new HA/CD44-mediated

signaling mechanism that regulates Twist-associated miR-10b
production.Our results indicate thatHA/CD44-activated c-Src
stimulates Twist phosphorylation, which, in turn, stimulates
Twist-regulated miR-10b production. These events lead to the
reduction of the tumor suppressor protein, HOXD10, RhoA/
RhoC overexpression, ROK activation, and breast tumor cell
invasion. Inhibition of either c-Src/Twist signaling or silencing
miR-10b expression/function not only results in HOXD10 up-
regulation but also causes a reduction of RhoA/RhoC expres-
sion and an inhibition of ROK-mediated breast tumor cell inva-
sion. Our findings strongly support the contention that c-Src,
Twist, and miR-10b form a functional signaling axis that regu-
lates RhoGTPase-ROK function and cytoskeleton-associated
breast cancer metastasis.

MATERIALS AND METHODS

Cell Culture—The breast tumor cell line (MDA-MB-231
cells) was obtained from theAmericanTypeCulture Collection
and grown in Eagle’s minimum essential medium supple-
mented with Earle’s salt solution, essential and non-essential
amino acids, vitamins, and 10% fetal bovine serum.
Antibodies and Reagents—Monoclonal rat anti-CD44 anti-

body (clone 020; isotype IgG2b; obtained from CMB-TECH,
Inc., San Francisco, CA) recognizes a determinant of the HA-
binding region common to CD44 and its principal variant iso-
forms (29, 45–47). This rat anti-CD44 was routinely used for
HA-related blocking experiments and immunoprecipitation.
Immunoreagents, such asmouse anti-phospho-c-Src antibody,
mouse anti-lamin A/C antibody, rabbit anti-HOXD10 anti-
body, rabbit anti-RhoA antibody, goat anti-RhoC antibody,
goat anti-ROK antibody, and goat anti-actin antibody were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Other immunoreagents, such as rabbit anti-Twist anti-
body and rabbit anti-phosphotyrosine antibody, were pur-
chased fromAbcam Inc. (Cambridge,MA) andMillipore Corp.
(Billerica, MA), respectively.
Healon HA polymers (�400,000–500,000 Da; purchased

from Amersham Biosciences and The Upjohn Co.) were
prepared by gel filtration column chromatography using a
Sephacryl S1000 column. The purity of the HA polymers used
in our experiments was further verified by anion exchange high
performance liquid chromatography (HPLC), followed by pro-
tein and endotoxin analyses using a BCA protein assay kit
(Pierce) and an in vitro limulus amebocyte lysate assay (Cam-
brex Bio Science Walkersville Inc., Walkersville, MD), respec-
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tively. No protein or endotoxin contaminationwere detected in
this HA preparation.
HA Profile Assays—The MDA-MB-231 cells were metaboli-

cally labeled with 100 �Ci/ml [3H]glucosamine (Amersham
Biosciences) for 18 h and subsequently rinsed with Hanks’ bal-
anced salt solution 2–3 times. The medium and washes were
combined, collected, and digestedwith proteinase K (50�g/ml)
at 60 °C for 4 h and heated at 100 °C for 10 min, followed by
centrifugation at 15,000 � g for 15 min. The supernatants were
then precipitated with ethanol, analyzed for HA size distribu-
tion using 1� 30-cmSephacryl S-400 column chromatography
(AmershamBiosciences), and elutedwith a solution containing
0.15 M sodium acetate, 0.1% CHAPS (pH 6.8) as described pre-
viously (29). Fractions of 0.5 ml were collected. The amount of
radioactivity associated with each fraction was determined by
scintillation counting. Some fractions were also used to test for
their ability to bind toHA-binding protein-coated beads and/or
to be digested by PH20 hyaluronidase.
Twist siRNA Preparation and Transfection—The siRNA

sequence targeting human Twist (from mRNA sequence
GenBankTM accession number NM_000474) corresponds to
the coding region relative to the first nucleotide of the start
codon. Target sequences were selected, using methodologies
from the Silencer siRNA construction kit (Ambion). As recom-
mended by Ambion, Twist1-specific targeted regions were
selected beginning 50–100 nucleotides downstream from the
start codon. Sequences close to 50% G/C content were chosen.
Human TWIST-specific target sequences (target 1, AACAGC-
GAGGAAGAGCCAGAC; target 2, AAGCGGCGCAGCAG-
CAGGCGC; target 3, AAGAAGTCTGCGGGCTGTGGC;
target 4, AAGATGGCAAGCTGCAGCTAT) and scrambled
sequences were used. MDA-MB-231 cells were then trans-
fected with siRNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were incu-
bated with 50 pmol of siRNA containing scrambled sequences
or no siRNA for at least 24 h before biochemical experiments.
Anti-miR-10b Inhibitor Preparation and Transfection—An-

ti-miR targeting miR-10b (anti-miR-10b inhibitor) (Ambion)
and its corresponding negative control were transfected into
MDA-MB-231 cells, using Lipofectamine 2000 reagent (In-
vitrogen) for 24 h. Cells were then treated with HA (50 �g/ml)
(or no HA) for various time intervals (e.g. 0, 5 min, 10 min, 15
min, 30 min, 2 h, or 24 h) at 37 °C. The final concentrations of
anti-miR-10b and miRNA-negative control used in experi-
ments were 30 nM.
RNase Protection Assay for Detecting Mature miRNAs—To-

tal RNA was isolated and enriched with the miRvana miRNA
isolation kit (Ambion) from the human breast tumor cell line
MDA-MB-231. The cells were untreated or pretreated with
anti-CD44 antibody or transfected with Twist siRNA with a
scrambled sequence, anti-miR-10b inhibitor, or miRNA-nega-
tive control in the presence or absence of HA. The c-Src inhib-
itor PP2 (5�M)was also added to the cells. RNA concentrations
were verified by measuring absorbance (A260) on a NanoDrop
Spectrophotometer ND-1000 (NanoDrop). The mirVana probe
construction kit (Ambion) was used to synthesize the 32P-labeled
miR-10b antisense probe and miR-191 probe loading control
according to the manufacturer’s instructions (Ambion). Probes

were then gel-purified using a 12% acrylamide, 8 M urea gel
prior to hybridization experiments. The enriched small RNAs
(1�g) were added to the probe hybridization buffer in addition
to the radioactive probe and RNase protection was then car-
ried out using the mirVana miRNA detection kit (Ambion)
according to the manufacturer’s instructions. The denatur-
ing gel was visualized using autoradiography. All samples
were treated under similar conditions, and an additional
radioactively labeled probe, miR-191, was used as a loading
control.
Immunoprecipitation and Immunoblotting Techniques—

MDA-MB-231 cells (untreated or pretreated with anti-CD44
antibody or a c-Src inhibitor, PP2 (5 �M) or transfected with
Twist siRNA, scrambled siRNA, anti-miR-10b inhibitor, or
miRNA-negative control) followed by HA (50 �g/ml) addition
(or no HA addition) for various time intervals (e.g. 0, 5 min, 10
min, 15 min, 30 min, or 24 h) at 37 °C were immunoblotted
using various immunoreagents (e.g. rabbit anti-HOXD10 (2
�g/ml), rabbit anti-RhoA (2 �g/ml), rabbit anti-RhoC (2
�g/ml), or goat anti-actin (2 �g/ml) (as a loading control),
respectively). In addition, immunoprecipitationwas conducted
after homogenization of the cell lysate using rat anti-CD44 anti-
body followed by goat anti-rat IgG-beads. Subsequently, the
immunoprecipitated materials were solubilized in SDS sample
buffer, electrophoresed, and blotted onto nitrocellulose. After
blocking nonspecific sites with 3% bovine serum albumin, the
nitrocellulose filters were incubated with rabbit anti-phospho-
c-Src antibody (2 �g/ml) or rabbit anti-Twist antibody (2
�g/ml) for 1 h at room temperature. In some cases, the cell
lysateswere immunoprecipitatedwith anti-Twist antibody, fol-
lowed by goat anti-rabbit IgG-beads. Subsequently, the immu-
noprecipitated materials were processed for immunoblotting
using rabbit anti-phosphotyrosine antibody (2 �g/ml). In cer-
tain experiments, the nuclear fraction prepared by an extrac-
tion kit from Active Motif (Carlsbad, CA) of MDA-MB-231
cells (untreated or pretreated with anti-CD44 antibody or PP2
(5 �M)) plus 50 �g/ml HA (or no HA) for various time intervals
(e.g. 0, 5, 15, or 30 min) at 37 °C was immunoblotted with anti-
Twist antibody or anti-lamin A/C, respectively.
Chromatin Immunoprecipitation (ChIP) Assay—Twist, a

basic helix-loop-helix transcription factor, recognizes E-box
elements of the canonical sequence 5�-CANNTG-3�. Several
predicted E-box elements are located upstream of miR-10b
(38), and ChIP assays were carried out to investigate whether
Twist proteins bind to these E-boxes following HA treatment.
Specific primers were designed to amplify a genomic region
flanking a putative E-box directly upstream ofmiR-10b. Primer
sequences are 5�-ACCTGGCTTGGTCGGGCAGT-3� and 5�-
CGCAGCCACCCGCACTTTCT-3�. These primers gave a
single strong band when tested on input DNA. ChIP assays
were carried out using the ChIP assay kit (Millipore Corp.)
essentially according to the manufacturer’s protocol. MDA-
MD-231 cells (untreated or pretreated with anti-CD44 anti-
body or PP2 (5 �M)) plus 50 �g/ml HA (or no HA) for various
time intervals (e.g. 0, 5, 15, 30, or 60 min) at 37 °C were fixed
with 1% formaldehyde for 15 min, followed by a 5-min treat-
ment with 1.25 M glycine to quench the reaction. Cell lysates
were then sonicated to shear DNA in fragments 300–800 bp
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in size. Precleared lysates were subjected to overnight immu-
noprecipitation with rabbit anti-Twist antibody (10 �g/ml)
or normal rabbit IgG (10 �g/ml) (negative control). DNA
samples were purified by phenol/chloroform extraction.
Between 5 and 10 ng of immunoprecipitated DNA was used
for PCRs. Preimmunoprecipitated samples (input) were also
included as controls for PCR.
Luciferase Reporter Assay—To test themechanisms bywhich

HA treatment regulates miR-10b transcription, luciferase
assays were performed. A 1.2-kb fragment containing the puta-
tive miR-10b promoter (48) and an E-box (38) was PCR-ampli-
fied from human genomic DNA using the following primers:
5�-tttacgcgtTGGGCAGTTGAGCGGGAGGT-3; 5�-tttagatc-
tACGCAGCCACCCGCACTTTC-3�. The PCR product was
digested with MluI and BglII (sites underlined in the primers)
and inserted into the complementary sites of pGL3 basic lucif-
erase vector (Promega). MDA-MD-231 cells (pretreated with
scrambled siRNA, Twist siRNA, or PP2 (5 �M)) were trans-
fected with 2 �g of pGL3-miR-10b promoter or pGL3 basic
(Promega) constructs. All wells were additionally transfected
with 1 �g of pCMV-�-gal as a transfection control. These cells
were treated with or without HA (50 �g/ml) for 18 h, followed
by incubatingwith reporter lysis buffer, and processed for lucif-
erase or �-gal assays according to the manufacturer’s protocols
(Promega). Relative light units of 10b promoter samples were
normalized to pGL3 basic and expressed as -fold increase in
relative light units.
Immunofluorescence Staining Technique—MDA-MB-231

cells (untreated or pretreated with anti-CD44 antibody or a
c-Src inhibitor, PP2 (5�M))were incubatedwithHA (50�g/ml)
or noHA for various time intervals (e.g. 0, 5min, 10min, 15min,
30 min, or 24 h) at 37 °C, followed by fixing with 2% paraform-
aldehyde. Subsequently, these cells were rendered permeable
by ethanol treatment, followed by incubation with Texas
Red-labeled anti-Twist antibody followed by DAPI (a marker
for nucleus). To detect nonspecific antibody binding, DAPI-
labeled cells were incubated with Texas Red-conjugated nor-
mal IgG. No labeling was observed in control samples. In
some cases, MDA-MB-231 cells (untreated or pretreated
with anti-CD44 antibody or a c-Src inhibitor, PP2 (5 �M), or
a ROK inhibitor, Y-27632 (5 �M), or transfected with
Twist siRNA, scrambled siRNA, anti-miR-10b inhibitor, or
miRNA-negative control) were treated with HA (50 �g/ml)
(or no HA) for various time intervals (e.g. 0, 5 min, 10 min, 15
min, 30 min, or 24 h) at 37 °C were fixed with 2% paraform-
aldehyde. Subsequently, these cells were rendered permea-
ble by ethanol treatment followed by incubation with FITC-
conjugated phalloidin alone (to locate F-actin). These
fluorescence-labeled samples were then examined with a
confocal laser-scanning microscope.
ROK Activity Assay—MDA-MB-231 cells (untreated or pre-

treated with anti-CD44 antibody or a c-Src inhibitor, PP2 (5
�M), or a ROK inhibitor, Y-27632 (5 �M), or transfected with
Twist siRNA, scrambled siRNA, anti-miR-10b inhibitor, or
miRNA-negative control) were treated with HA (50 �g/ml)
(or noHA) for various time intervals (e.g. 10min, 30min, 1 h, or
24 h) at 37 °C. These cells were then immediately lysed in Non-
idet P-40 buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 20 mM

MgCl2, 1% Nonidet P-40, 1 mM Na3VO4, 1 mM NaF, Complete
protease inhibitor mixture (Roche Applied Science), 1 mM

PMSF, 1� HaltTM phosphatase inhibitor mixture (Pierce)) at
4 °C and centrifuged to obtain the lysates. Equal amounts of
total lysates (�10 �g) or immunoprecipitation-purified ROK
by preincubating lysates (�100 �g) with a rabbit anti-ROK
antibody and agarose-conjugated anti-rabbit secondary anti-
body were assayed for Rho-kinase activity using a kit from
CycLex (catalog no. CY-1160), following a protocol provided by
the vendor. Basically, samples were incubated with a kinase
reaction buffer with 0.1 mM ATP at 30 °C for 45 min in plates
precoated with a Rho-kinase substrate corresponding to the C
terminus of the recombinant myosin-binding subunit of myo-
sin phosphatase (MBS), which contains a threonine residue
that can be phosphorylated, and the product was detected by an
HRP-conjugated antibody AF20 recognizing Thr696 of MBS as
described previously (49). The HRP-mediated color reaction
was thenmeasured in a spectrophotometric plate reader at dual
wavelengths of 450/540 nm. The absorbance data were ana-
lyzed. Controls included solvent control (no protein lysate) and
inhibitor control (5 �M Y-27632 with protein lysate).
Tumor Cell Invasion Assay—Twenty-four transwell units

were used for monitoring in vitro tumor cell invasion as
described previously (29). Specifically, the 5-�m porosity
polycarbonate filters coated with the reconstituted base-
ment membrane substance Matrigel (Collaborative Re-
search, Lexington, MA) were used for the cell invasion
assay (29). MDA-MB-231 cells (1 � 104 cells/well)
(untreated or pretreated with anti-CD44 antibody or a c-Src
inhibitor, PP2 (5 �M), or a ROK inhibitor, Y-27632 (5 �M), or
transfected with Twist siRNA, scrambled siRNA, anti-miR-
10b inhibitor, or miRNA-negative control) were incubated
with HA (50 �g/ml) for 18 h or no HA. The growth medium
containing high glucose DMEM supplemented with 10%
fetal bovine serum was placed in the lower chamber of the
transwell unit. After an 18-h incubation at 37 °C in a humid-
ified 95% air, 5% CO2 atmosphere, cells on the upper side of
the filter were removed by wiping with a cotton swab. Cell
invasion processes were determined by measuring the cells
that migrated (invaded) to the lower side of the polycarbon-
ate filters by standard cell number counting methods as
described previously (20). The CD44-specific cell invasion
was determined by subtracting nonspecific cell invasion (i.e.
cells that migrated (invaded) to the lower chamber in the
presence of anti-CD44 antibody treatment). Each assay was
performed in triplicate and repeated at least five times.

RESULTS

HA Profile in MDA-MB-231 Breast Tumor Cells

HA, one of the longest glycosaminoglycans, is composed
of repeating disaccharide units of D-glucuronic acid-N-
acetyl-D-glucosamine (50). It is often overexpressed at sites
of breast tumor attachment (51) and is involved in CD44-
mediated signaling and tumor progression (7–9). However,
the profile of HA produced by breast tumor cells, such as
MDA-MB-231 cells, has not been fully determined. In this
study, we measured the HA profile of MDA-MB-231 cells by
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metabolically labeling these cells with [3H]glucosamine for
18 h. Hyaluronan was then recovered from the medium (also
the cells) and analyzed using Sephacryl S-400 gel filtration
methods according to the procedures described previously
(50). The large majority of the HA has a molecular mass of
�400 kDa and is accumulated in the medium (Fig. 1A). Very
little HA is associated with the MDA-MB-231 cells (data not
shown). The question of whether this HA (molecular mass

�400 kDa) plays a significant role
in regulating oncogenic signaling
is addressed in this study.

HA/CD44-mediated c-Src
Activation and Twist
Phosphorylation/Signaling in MDA-
MB-231 Breast Tumor Cells

The full catalytic activity of c-Src
kinase requires phosphorylation of
tyrosine 418 (52). Previous studies
have shown that HA-CD44 interac-
tion promotes c-Src phosphoryla-
tion at the tyrosine 418 residue and
its activation in certain epithelial
tumor cells (15). Using specific anti-
phospho-Src antibody (anti-Src-
(Tyr(P)418); designed to detect the
activated form of c-Src kinase), we
found that the highest level of c-Src
activation in MDA-MB-231 cells
occurred at 10 min following HA
addition (Fig. 1B, lane 3). A rela-
tively lower level of c-Src kinase
activation was detected when MDA-
MB-231 cells were treated with HA
for either 5, 15, or 30min or with no
HA (Fig. 1B). Therefore, the 10-min
HA treatment was used to moni-
tor HA-mediated c-Src signaling
events as described below.
In order to investigate whether

there is a direct interaction between
CD44 and phosphorylated c-Src in
breast tumor cells, we performed
anti-CD44-mediated immunopre-
cipitation followed by anti-phos-
pho-c-Src (Anti-p-c-Src) immuno-
blot (Fig. 1C, a, lane 1) or anti-CD44
immunoblot (Fig. 1C, b, lane 1)
using untreated MDA-MB-231
cells. Our results indicate that a
very low level of phosphorylated
c-Src (Fig. 1C, a, lane 1) is present
in the anti-CD44-immunoprecipi-
tated materials (Fig. 1C, b, lane 1).
Subsequently, we determined that
a 10-min HA treatment induced
the recruitment of a significant
amount of phosphorylated c-Src

(Fig. 1C, a, lane 2) into the CD44-c-Src complex (Fig. 1C, c,
lane 2). Pretreatment of MDA-MB-231 cells with anti-CD44
antibody or a c-Src inhibitor, PP2, followed by a 10-min HA
treatment resulted in a significant reduction of phosphoryla-
ted c-Src (Fig. 1C, a, lanes 3 and 4) in the anti-CD44-immu-
noprecipitated materials (Fig. 1C, c, lanes 3 and 4). These
findings establish the fact that phosphorylated c-Src (possi-
bly active forms of c-Src) is accumulated in a complex with

FIGURE 1. Analyses of HA profile (A), HA-induced c-Src activation (B), and CD44 association with
phosphorylated c-Src and Twist (C and D) in MDA-MB-231 cells. A, HA profile analyses. MDA-MB-231
cells were metabolically labeled with [3H]glucosamine. HA was then collected from the medium and
analyzed by HiprepTM SephacrylTM 400 HR (S-400HR) gel filtration as described under “Materials and
Methods.” (Markers used in the SephacrylTM 400 HR column chromatography include two HA markers (500
and 280 kDa; indicated by arrowheads) and three protein markers (232, 440, and 669 kDa; indicated by
arrows).) B, HA-induced c-Src kinase activation. Cell lysates were prepared from MDA-MB-231 cells treated
with HA (50 �g/ml) for various time intervals (e.g. 0, 5, 10, 15, and 30 min) followed by immunoblotting
with anti-phospho-Src (pY418) antibody or anti-c-Src antibody (as a loading control). (The ratio of phos-
phorylated c-Src (a) and total c-Src (the loading control) (b) was determined by densitometry, and the
levels were normalized to untreated (0 min of HA treatment) cell value (designated as 1.00); the values
expressed represent an average of triplicate determinations of three experiments with an S.D. value of
�5%.) C, HA-induced CD44 signaling complex formation in MDA-MB-231 cells. Cells were first solubilized
with 1% Nonidet P-40 (Nonidet P-40) buffer followed by immunoprecipitation (IP) and/or immunblot by
anti-CD44 antibody or anti-phospho-c-Src antibody or anti-Twist antibody, respectively, as described
under “Materials and Methods.” Phosphorylated c-Src and Twist in the CD44 complex were detected by
anti-CD44-immunoprecipitation, followed by immunoblotting with anti-phospho-c-Src antibody (a) or
anti-Twist antibody (b) or reblotting with anti-CD44 (c) as a loading control using MDA-MB-231 cells
treated with no HA (lane 1) or with HA (50 �g/ml) for 10 min (lane 2) or pretreated with anti-CD44 antibody
(lane 3) or PP2 (lane 4) for 1 h followed by 10 min of HA (50 �g/ml) addition. (The ratio of phosphorylated
c-Src (a) and total CD44 (the loading control) (c) and the ratio of Twist (b) and total CD44 (the loading
control) (c) were determined by densitometry, and the levels were normalized to untreated (no HA treat-
ment) cell value (lane 1; designated as 1.00); the values expressed represent an average of triplicate
determinations of four experiments with an S.D. value of �5%.) D, phosphorylation of Twist was analyzed
by solubilizing MDA-MB-231 cells with 1% Nonidet P-40 (Nonidet P-40) buffer, followed by immunopre-
cipitation with anti-Twist antibody followed by immunoblotting with anti-phosphotyrosine antibody (a)
or anti-Twist antibody (as a loading control) (b) using cell lysates obtained from MDA-MB-231 cells treated
with no HA (lane 1) or with HA for 10 min (lane 2) or pretreated with anti-CD44 antibody (lane 3) or PP2
(lane 4) followed by 10 min of HA addition. (The ratio of phosphorylated Twist (a) and total Twist (the
loading control) (b) was determined by densitometry, and the levels were normalized to untreated (no HA
treatment) cell value (lane 1; designated as 1.00); the values expressed represent an average of triplicate
determinations of four experiments with an S.D. value of �5%.
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CD44 (in whole cells) following
HA treatment of the MDA-MB-
231 breast tumor cells.
Twist can be activated by c-Src in

CD44-expressing breast tumor cells
(42). In order to investigate whether
there is any signaling interaction be-
tween CD44-linked c-Src and Twist,
we performed anti-CD44 immuno-
precipitation followed by anti-c-Src
and anti-Twist antibody-mediated
immunoblot as shown in Fig. 1. Our
results indicate that CD44-linked
phospho-c-Src (isolated from MDA-
MB-231 cells treated with HA) is
capable of recruiting the transcrip-
tion factor, Twist (Fig. 1C, b, lane 2)
into CD44-associatedmultimolecu-
lar complexes (Fig. 1C, c, lane 2).
Further analysis indicates that sig-
nificant Twist phosphorylation oc-
curs in MDA-MB-231 cells treated
with HA for 10 min (Fig. 1D, a
and b, lane 2). Specifically, Twist
phosphorylationwas identified with
anti-Twist antibody followed by
anti-phosphotyrosine antibody im-
munoblot. Because phosphorylated
Twist has a molecular mass of �22
kDa (clearly different from phos-
phorylated c-Src (�56 kDa)), we
conclude that Twist phosphory-
lation occurs in cells following HA
treatment. In contrast, Twist phos-
phorylation was relatively low in
MDA-MB-231 cells without any
HA treatment (Fig. 1D, a and b, lane
1) orMDA-MB-231 cells pretreated
with anti-CD44 antibody or PP2 (a
c-Src inhibitor) followed by HA
treatment (Fig. 1D, a and b, lanes 3
and 4). Thus, HA-activated Twist
phosphorylation is both CD44-spe-
cific and c-Src-dependent.
In addition, we found that Twist

could be translocated from the
cytosol to the nucleus after HA
treatment (Fig. 2, B (a–c) and E (a
and b, lane 2)), and the maximal
level of Twist nuclear translocation
in MDA-MB-231 cells could be
detected at 15 min following HA
addition (Table 1). In contrast, the
majority of Twist was distributed in
the cytosol, and only a low level of
Twist was present in the nucleus
of MDA-MB-231 cells, either pre-
treated with anti-CD44 antibody

FIGURE 2. Immunocytochemical and biochemical analyses of HA/CD44-induced Twist nuclear transloca-
tion in MDA-MB-231 cells. A–D, immunostaining of Twist. MDA-MB-231 cells (untreated or pretreated with
anti-CD44 antibody or PP2 followed by HA addition for 15 min or no HA addition) were fixed by 2% paraform-
aldehyde. Subsequently, cells were rendered permeable by ethanol treatment and immunostained with Twist
and DAPI (a nuclear marker) (A–D) as described under “Materials and Methods.” A, Texas Red-labeled anti-Twist
(red) (a), DAPI (blue) (b), and an overlay image (c) of a and b in cells without HA treatment. B, Texas Red-labeled
anti-Twist (red) (a), DAPI (blue) (b) and an overlay image (c) of a and b in cells with 15 min of HA treatment.
C, Texas Red-labeled anti-Twist (red) (a), DAPI (blue) (b), and an overlay image (c) of a and b in cells pretreated
with anti-CD44 antibody for 1 h followed by 15 min of HA addition. D, Texas Red-labeled anti-Twist (red) (a),
DAPI (blue) (b), and an overlay image (c) of a and b in cells pretreated with PP2 for 1 h followed by 15 min of HA
addition. E, analyses of HA/CD44-induced Twist localization in the nuclear fraction. MDA-MB-231 cells
(untreated or pretreated with anti-CD44 antibody or PP2 for 1 h) were incubated with HA (50 �g/ml) (or
without HA) for 15 min at 37 °C. Nuclear fractions of these cells were then prepared followed by immunoblot-
ting with anti-Twist antibody (a) or anti-lamin A/C antibody (as a loading control) (b) as described under
“Materials and Methods” (lane 1, untreated cells; lane 2, cells treated with HA for 15 min; lane 3, cells pretreated
with anti-CD44 antibody for 1 h plus 15 min of HA addition; lane 4, cells pretreated with PP2 for 1 h plus 15 min
of HA addition). (The ratio of Twist (a) and total lamin A/C (the loading control) (b) in the nuclear extract was
determined by densitometry, and the levels were normalized to untreated (no HA treatment) cell value (lane 1;
designated as 1.00); the values expressed represent an average of triplicate determinations of four experi-
ments with an S.D. value of �5%.) e, immunoblot analyses of various cellular fractions, including total cell lysate
(lane 1), cytosolic fraction (lane 2), and nuclear extract (lane 3) using specific antibodies against plasma mem-
brane protein, CD44 (a), the cytosolic protein, c-Src (b), and nuclear marker protein, lamin A/C (c), respectively.
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plus HA (Fig. 2, C (a–c) and E (a and b, lane 3)) or without any
HA treatment (Fig. 2A (a–c) and E (a and b, lane 1)). Down-
regulation of c-Src activity by treatingMDA-MB-231 cells with
PP2 (a c-Src inhibitor) significantly inhibited HA/CD44-medi-
ated Twist nuclear translocation (Fig. 2,D (a–c) and E (a and b,
lane 4)). Inorder toverify thepurityof thenuclear fraction (Fig. 2e,
lane 3), we performed immunoblot analyses of various cellular
fractions (e.g. nuclear extract, cytosolic fraction, and total cell
lysate) using specific antibodies against nuclear marker protein,
lamin A/C, plasma membrane protein, CD44 and the cytosolic
protein, c-Src (Fig. 2e, lanes1–3).Ourdata indicate that laminA/C
appears tobe thepredominant protein associatedwith thenuclear
fraction (Fig. 2e, lane 3). Very little plasmamembrane protein (e.g.
CD44) or cytosolic protein (e.g. c-Src) was detected in the nuclear
fraction (Fig. 2e, lane 3). Therefore, we conclude that the amount
of cytosolic protein contamination in our nuclear fraction is min-
imal. Thus, our observations strongly support the contention that
nuclear translocation of Twist occurs inMDA-MB-231 cells after
HA/CD44-mediated Src activation.

Role of Twist in Regulating miR-10b Expression in HA/CD44
and c-Src-activated MDA-MB-231 Cells

Binding of Twist to E-box Elements in the miR-10b Promoter
in Breast Tumor Cells—Several predicted E-box elements are
located upstream of miR-10b (38), a class of miRNA known to

be associated with breast tumor invasion and metastasis. To
examine whether Twist directly interacts with the E-box ele-
ments in the promoter region ofmiR-10b, anti-Twist antibody-
specific ChIP assays were performed inMDA-MB-231 cells. As
shown in Fig. 3A, the PCR from anti-Twist-mediated precipi-
tations (from HA-treated MDA-MB-231 cells) resulted in a
specific amplification product using a primer pair specific for
the miR-10b promoter region containing the E-boxes (Fig. 3A,
a, lane 2). In contrast, there was very little Twist binding to the
miR-10b upstream promoter region in cells pretreated with
anti-CD44 antibody (Fig. 3A, a, lane 3) or PP2 (a c-Src kinase
inhibitor) (Fig. 3A, a, lane 4) followed by HA addition or with-
out HA treatment (Fig. 3A, a, lane 1). Identical amplification
products were detected in the positive controls from total input
chromatin (Fig. 3A, c, lanes 1–4). Moreover, no amplification
was seen in samples that were processed in IgG isotype control-
mediated precipitation (Fig. 3A, b, lanes 1–4). We observed
similar results by quantitative RT-PCR (data not shown). Thus,

TABLE 1
HA-mediated Twist nuclear translocation and cytoskeleton
reorganization in MDA-MB-231 cells
Shown are the effects of HA on Twist nuclear translocation (top) and cytoskeleton
reorganization (bottom). The number of cells displaying both Twist nuclear local-
ization (top) and F-actin assembly (bottom) was counted under the microscope.
Specifically, every cell in the field was examined for the occurrence of the cell
phenotypes (e.g. with or without Twist nuclear localization and F-actin formation).
At least 200–300 cells (in 12 different fields) were examined in each sample. Quan-
titative values describing the percentage of cells displaying Twist nuclear localiza-
tion and F-actin reorganization in each sample were expressed as percentage of
control. Untreated cells in control are designated as 100%. The values expressed
represent an average of triplicate determinations of five experiments with an S.D.
value less than �5%.

Treatments Twist nuclear translocationa
(percentage of control)

%
No treatment (control) 100 � 5
HA treatment for 10 min 110 � 8
HA treatment for 15 min 280 � 14
HA treatment for 30 min 155 � 5
HA treatment for 24 h 123 � 7

Treatments F-actin assemblyb
(percentage of control)

%
No treatment (control) 100 � 4
HA treatment for 10 min 110 � 6
HA treatment for 15 min 156 � 9
HA treatment for 30 min 263 � 10
HA treatment for 24 h 225 � 15

a MDA-MB-231 cells were treated with HA (50 �g/ml) or no HA for various time
intervals (e.g., 0, 10 min, 15 min, 30 min, or 24 h) at 37 °C and fixed with 2%
paraformaldehyde. Subsequently, these cells were rendered permeable by ethanol
treatment followed by incubation with Texas Red-labeled anti-Twist antibody
followed by DAPI (a marker for nucleus). To detect nonspecific antibody binding,
DAPI-labeled cells were incubated with Texas Red-conjugated normal IgG. No
labeling was observed in control samples, as described under “Materials and
Methods.”

b MDA-MB-231 cells were treated with HA (50 �g/ml) or no HA for various time
intervals (e.g. 0, 10 min, 15 min, 30 min, or 24 h) at 37 °C and fixed with 2%
paraformaldehyde. Subsequently, these cells were rendered permeable by ethanol
treatment followed by incubation with FITC-conjugated phalloidin alone (to
locate F-actin). These fluorescence-labeled samples were then examined with a
confocal laser-scanningmicroscope, as described under “Materials andMethods.”

FIGURE 3. Interaction between Twist and the miR-10b promoter in MDA-
MB-231 cells. A, in vivo binding of Twist to the miR-10b promoter in breast
tumor cells. A ChIP assay was performed in MDA-MB-231 cells following the
protocols described under “Materials and Methods” using the E-box-contain-
ing miR-10b promoter-specific primers by PCR. Identical volumes from the
final precipitate were used for the PCRs (lane 1, untreated cells; lane 2, cells
treated with HA for 30 min; lane 3, cells pretreated with anti-CD44 antibody
for 1 h plus 30 min of HA addition; lane 4, cells pretreated with PP2 for 1 h plus
30 min of HA addition) (a, anti-Twist-mediated immunoprecipitate; b, IgG
isotype control-mediated immunoprecipitate; c, total input immunoprecipi-
tate). B, measurement of miR-10b transcriptional activation. MDA-MB-231
cells (transfected with scrambled siRNA followed by 24 h of HA incubation
(bar 2) or no HA addition (bar 1) or Twist siRNA plus 24 h of HA incubation (bar
3) or pretreated with PP2 for 1 h followed by 24 h of HA incubation (bar 4))
were co-transfected with miR-10b promoter-Luc (luciferase reporter vector)
and a plasmid encoding �-galactosidase (to enable normalization for trans-
fection efficiency). After 24 h, expression of the reporter (luciferase) and the
control (�-galactosidase) genes were determined using enzyme assays and
luminometry as described under “Materials and Methods.” The activity of
miR-10b-specific transcriptional activation in untreated cells is designated as
100% (control). The values expressed in this figure represent an average of
triplicate determinations of five experiments with an S.D. value of �5%.
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these results verify that Twist binds directly (or forms as part of
the complex) to the promoter region of miR-10b inMDA-MB-
231 cells following HA-CD44 interaction.
Involvement of Twist in Regulating miR-10b Transcription in

Breast Tumor Cells—To further demonstrate the involvement
of Twist in regulating the transcription of miR-10b,MDA-MB-
231 cells were transfected with an E-box-containing a miR-10b
promoter-luciferase construct and a plasmid encoding�-galac-
tosidase to monitor normalization of the transfection effi-
ciency. Our results indicate that transcriptional activity ofmiR-
10b is greatly stimulated in MDA-MB-231 cells treated with
scrambled siRNA plus HA (Fig. 3B, bar 2) as compared with
those cells treated with no HA (Fig. 3B, bar 1). The fact that
pretreatment of cells with Twist siRNA (Fig. 3B, bar 3) or with
PP2 (a c-Src inhibitor) (Fig. 3B, bar 4) followed by HA addition
significantly reduced the transcriptional activity of miR-10b
verifies that Twist signaling and c-Src activation can transcrip-
tionally activate miR-10b promoter activity in HA-treated
breast tumor cells.
Production of miR-10b in Breast Tumor Cells—Todetermine

whether miR-10b levels are increased following the binding of
HA to CD44, we first prepared small RNAs followed by an
RNase protection assay using the miRNA Detection Kit
(Ambion). Our results indicate that an elevated level of miR-
10b expression was detected inMDA-MD-231 cells following a
2-h incubation with HA (Fig. 4A, a, lane 2) as compared with
cells not treated with HA (Fig. 4A, a, lane 1). The increase in
expression of miR-10b was specifically a result of the interac-
tion between HA and CD44 because pretreatment of MDA-
MB-231 cells with anti-CD44 antibody plusHA addition signif-
icantly reduced miR-10b production (Fig. 4A, a, lane 3). When
the c-Src inhibitor PP2 was added to these breast tumor cells,
the expression of miR-10b in HA-treated cells appeared to be
significantly decreased (Fig. 4A, a, lane 4), indicating that c-Src
is involved inHA-mediated production ofmiR-10b.Our results
also show that the level of miR-10b is increased in MDA-MB-
231 cells treatedwith scrambled sequence siRNAplusHAcom-
pared with those cells without HA treatment (Fig. 4B, a, lane 1
versus lane 2). MDA-MB-231 cells treated with Twist siRNA
show significantly less HA-induced miR-10b expression (Fig.
4B, a, lane 3). Moreover, we found that the expression of miR-
10b could be induced in cells treated with an miRNA-negative

control upon the addition of HA (Fig. 4B, a, lane 5 versus lane
4). In contrast, the treatment of MDA-MB-231 cells with an
anti-miR-10b inhibitor plus HA resulted in a decrease in miR-
10b expression (Fig. 4B, a, lane 6 versus lane 5).We believe that
these changes in miR-10b expression under various treatment
conditions were not due to the variations of RNA extracted
from each sample because there were very similar levels of the
miR-191 control in all samples (Fig. 4,A (b, lanes 1–4) and B (b,
lanes 1–6)). Taken together, our findings strongly suggest that
HA/CD44-activated Twist and c-Src signaling plays an impor-
tant role in the production of miR-10b in breast tumor cells.

Effects of HA/CD44-activated miR-10b on HOXD10 Expression,
RhoGTPase Up-regulation, ROK-mediated Cytoskeleton
Function, and Breast Tumor Cell Invasion

Previous studies indicate that miR-10b may function as an
oncogene and play a role in promoting tumor cell migration
and invasion, in part through down-regulation of several tumor
suppressor genes/proteins, includingHOXD10, and up-regula-
tion of RhoGTPases (38). However, the identification of miR-
10b-specific downstream target(s) and oncogenic event(s) that
contribute to HA/CD44-dependent breast tumor cell invasion
has not been established.
HOXD10 and RhoGTPases as the Possible Downstream

Target(s) for miR-10b in Breast Tumor Cells—The homeobox
transcription factor, HOXD10, has been identified as one of the
tumor suppressor genes regulated bymiR-10b (70). It promotes
or maintains a differentiation phenotype in epithelial cells (38).
In this study, we found that a basal level of HOXD10 expression
was present in cellswith noHA treatment (Fig. 5,A andB (a and
b, lane 1)). Down-regulation of HOXD10 appeared to occur as
early as 30–60 min after HA treatment (Fig. 5A). However,
24-h HA treatment significantly reduced the expression of
tumor suppressor protein HOXD10 in MDA-MB-231 cells
(Fig. 5B, a and b, lane 2). In contrast, in cells pretreated with
anti-CD44 antibody or PP2 (a c-Src inhibitor), HA treatment
failed to decrease HOXD10 expression (Fig. 5B, a and b, lanes 3
and 4). Thus, the reduction of HOXD10 expression appears to
be HA-dependent and CD44/c-Src-specific in breast tumor
cells. We also confirmed that down-regulation of miR-10b by
treating MDA-MB-231 cells with an anti-miR-10b inhibitor
(but not a negative control miRNA) promoted up-regulation of
HOXD10 expression in the presence of HA (Fig. 5B (a, lane 10
versus lanes 8 and 9)). These results support the contention that
miR-10b (mediated by HA-CD44 binding) is acting as an onco-
gene by down-regulating the expression of the tumor suppres-
sor, HOXD10. It is also noted that a basal level of HOXD10
expression was detected in cells treated with scrambled
sequence siRNA without HA addition (Fig. 5B, a, lane 5). In
contrast, significant reduction of HOXD10 expression was
observed in cells treated with HA (Fig. 5B, a, lane 6). Further-
more, treatment of MDA-MB-231 cells with Twist siRNA (in
the presence of HA) displayed an elevated level of HOXD10
expression (Fig. 5B, a, lane 7 versus lane 6). These findings
indicate that the signaling network consisting of c-Src, Twist,
and miR-10b is functionally coupled with the inhibition of the
tumor suppressor protein (HOXD10) expression. These spe-

FIGURE 4. Detection of HA/CD44-induced miR-10b production in MDA-
MB-231 cells. Detection of miR-10b in MDA-MB-231 cells using RNase pro-
tection assay as described under “Materials and Methods.” A, autoradiogram
of miR-10b (a) detected in MDA-MB-231 cells treated with no HA (lane 1) or
with HA for 2 h (lane 2) or pretreated with anti-CD44 antibody (lane 3) or PP2
(lane 4) for 1 h followed by HA addition for 2 h; B, autoradiogram of miR-10b
detected in MDA-MB-231 cells incubated with scrambled sequence siRNA
(without HA (lane 1) or with 2 h of HA treatment (lane 2)) or incubated with
Twist siRNA plus 2 h of HA treatment (lane 3) or incubated with miRNA-neg-
ative control (without HA (lane 4) or with 2 h of HA treatment (lane 5)) or
incubated with an anti-miR-10b inhibitor plus 2 h of HA treatment (lane 6).
(The autoradiogram of miR-191 (b) in each gel lane was used as a loading
control.)
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cific effects may facilitate the progression of HA/CD44-acti-
vated breast tumor cells.
To determine how these changes in the tumor suppressor

protein (HOXD10) expression and function by miR-10b (via
HA/CD44 interaction and c-Src/Twist signaling) may affect
breast tumor cell-specific behaviors (e.g. RhoGTPases,
cytoskeleton function, and breast tumor invasion), we ana-
lyzed the expression of two RhoGTPases, RhoA and RhoC.
First, immunoblot analyses using a panel of antibodies (e.g.
RhoA antibody and anti-RhoC antibody) were employed to
detect the production of the two proteins, RhoA and RhoC, in
MDA-MB-231 cells. Our data indicate that the expressions of
both RhoA and RhoC were significantly increased in MDA-
MB-231 cells treated with HA (Fig. 5C, a and b, lane 2 versus
lane 1). In contrast, these two proteins (e.g. RhoA and RhoC)
were present in relatively low amounts in MDA-MB-231 cells
not treated with HA (Fig. 5C, a and b, lane 1 versus lane 2) or in
those cells pretreated with anti-CD44 antibody or PP2 (a c-Src
inhibitor) followed by HA addition (Fig. 5C, a and b, lane 3 and
lane 4 versus lane 2). These findings support the notion that the
expression of RhoA and RhoC is both HA- and CD44-depen-
dent. Most importantly, down-regulation of miR-10b by treat-
ing cells with an anti-miR-10b inhibitor significantly attenu-
ated the HA/CD44-activated expression of RhoA and RhoC
(Fig. 5C, a and b, lane 10 versus lane 9 and lane 8). In contrast,
MDA-MB-231 cells treated with an miRNA-negative control
were capable of inducing the expression of both RhoA and
RhoC in the presence of HA (Fig. 5C, a and b, lane 8 versus lane
9). Furthermore, we observed that the expression of RhoA and
RhoC were significantly inhibited when MDA-MB-231 cells
were pretreated with Twist siRNA (Fig. 5C, a and b, lane 7
versus lane 6) but not scrambled sequence siRNA followed by
HA addition (Fig. 5C, a and b, lane 5 versus lane 6), respectively.
The fact that down-regulation of both c-Src/Twist signaling
and miR-10b production inhibits the expression of RhoA and
RhoC indicates that the HA/CD44-activated c-Src/Twist sig-
naling and miR-10b function actively participate in the up-reg-
ulation of RhoGTPases, such as RhoA and RhoC, in breast
tumor cells.
Effect of miR-10b on RhoGTPase-activated ROK, F-actin

Reorganization, and Breast Tumor Cell Invasion—Several
enzymes have been identified as possible downstream targets
for RhoA and RhoC in regulating cytoskeleton-mediated bio-
logical events. One such enzyme is ROK (30, 31). To further
assess whether ROKmight be regulated by theHA-CD44 inter-
action with c-Src/Twist signaling and miR-10b production, we
performed a ROK activity assay in the presence or absence of
HA or anti-CD44 antibody plus HA. In the absence of HA,
MDA-MB-231 cells displayed a low level of ROK activity (Table

FIGURE 5. Analyses of HA/CD44-mediated HOXD10 and RhoGTPase
expression in MDA-MB-231 cells. Detection of HA/CD44-induced HOXD10
and RhoGTPase (RhoA/RhoC) expression in MDA-MB-231 cells was per-
formed by solubilizing cells with 1% Nonidet P-40 (Nonidet P-40) buffer fol-
lowed by immunoblotting with anti-HOXD10 antibody or anti-RhoA anti-
body or anti-RhoC antibody, respectively as described under “Materials and
Methods.” A, HA-induced HOXD10 expression. Cell lysates were prepared
from MDA-MB-231 cells treated with HA (50 �g/ml) for various intervals of
time (e.g. 0, 15, 30, and 60 min) followed by immunoblotting with anti-
HOXD10 antibody or anti-actin antibody (as a loading control). (The ratio of
HOXD10 (a) and total actin (the loading control) (b) was determined by den-
sitometry, and the levels were normalized to untreated (0 min of HA treat-
ment) cell value (designated as 1.00); the values expressed represent an aver-
age of triplicate determinations of three experiments with an S.D. of �5%.)
B, detection of the expression of HOXD10 by anti-HOXD10-mediated immu-
noblotting (a) using cell lysate isolated from MDA-MB-231 cells treated with
no HA (lane 1) or with HA for 24 h (lane 2) or pretreated with anti-CD44 anti-
body (lane 3) or PP2 (lane 4) for 1 h followed by 24 h of HA addition or treated
with scrambled sequence siRNA (without HA (lane 5) or with HA for 24 h (lane
6)) or treated with Twist siRNA plus HA for 24 h (lane 7) or treated with miRNA-
negative control (without HA (lane 8) or with HA for 24 h (lane 9)) or treated
with anti-miR-10b inhibitor plus HA for 24 h (lane 10). The amount of actin
detected by anti-actin-mediated immunoblot (b) in each gel lane was used as
a loading control. (The ratio of HOXD10 (a) and total actin (the loading con-
trol) (b) was determined by densitometry, and the levels were normalized to
the untreated (no HA treatment) cell value (lane 1; designated as 1.00) for
lanes 2– 4, normalized to the scrambled sequence siRNA-treated cell value
(lane 5; designated as 1.00) for lanes 6 and 7, or normalized to the miRNA-
negative control cell value (lane 8; designated as 1.00) for lanes 9 and 10. The
values expressed represent an average of triplicate determinations of four
experiments with an S.D. value of �5%.) C, detection of the expression of
RhoA or RhoC by anti-RhoA or anti-RhoC-mediated immunoblotting (a and b)
using cell lysate isolated from MDA-MB-231 cells treated with no HA (lane 1)
or with HA for 24 h (lane 2) or pretreated with anti-CD44 antibody (lane 3) or
PP2 (lane 4) for 1 h followed by 24 h of HA addition or treated with scrambled
sequence siRNA (without HA (lane 5) or with HA for 24 h (lane 6)) or treated
with Twist siRNA plus HA for 24 h (lane 7) or treated with miRNA-negative
control (without HA (lane 8) or with HA for 24 h (lane 9)) or treated with
anti-miR-10b inhibitor plus HA for 24 h (lane 10). The amount of actin

detected by anti-actin-mediated immunoblot (c) in each gel lane was used as
a loading control. (The ratio of RhoA (a) and total actin (the loading control) (c)
or the ratio of RhoC (b) and total actin (the loading control) (c) was determined
by densitometry, and the levels were normalized to untreated (no HA treat-
ment) cell value (lane 1; designated as 1.00) for lanes 2– 4 or normalized to
scrambled sequence siRNA-treated cell value (lane 5; designated as 1.00) for
lanes 6 and 7 or normalized to miRNA-negative control cell value (lane 8;
designated as 1.00) for lanes 9 and 10. The values expressed represent an
average of triplicate determinations of four experiments with an S.D. value of
�5%.)
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2, top). However, the addition of HA greatly enhanced ROK
activity (Table 2, top). Furthermore, pretreatment of these
tumor cells with anti-CD44 antibody or a ROK inhibitor,
Y27632, followed by HA addition significantly decreases HA-
mediated ROK activity (Table 2, top). This result indicates that
HA-CD44 interaction promotes ROK activation in breast
tumor cells. Moreover, down-regulation of c-Src or Twist or
miR-10b (by treating tumor cells with PP2 (a c-Src inhibitor)
(Table 2, top) or transfecting tumor cells with Twist siRNA or
anti-miR-21 inhibitor (but not scrambled sequence siRNA or
an miRNA-negative control) (Table 2, middle and bottom))
effectively attenuatesHA-mediated ROK activity inMDA-MB-
231 cells. Together, these findings indicate that the HA/CD44-
mediated c-Src-Twist signaling pathways and miR-10b func-
tion play an important role in ROK activation in breast cancer
cells.
To further analyze whether the ROK downstream effectors

(e.g. actin-cytoskeleton reorganization and breast tumor cell
invasion) might be regulated by the HA-CD44 interaction with
c-Src/Twist signaling and miR-10b production, we performed
both immunolocalization of filamentous actin (F-actin) and
breast tumor cell invasion assays. In the presence of HA,MDA-
MB-231 cells stained with fluorescent phalloidin revealed a sig-

nificant increase in the assembly of actin fibrils and stress fibers
(Fig. 6A, b). The cytoskeleton reorganization can be observed in
MDA-MB-231 cells as early as 30 min following HA addition
(Table 1). In the majority of those cells treated with HA for 30
min, the actin filaments were present in numerous stress fibers
and/or in thick filaments associatedwith the plasmamembrane
and cellular projections as well as perinuclear region (Fig. 6A,
b). Moreover, we have observed that breast tumor cell invasion
is also significantly enhanced in cells treated with HA (Table 3,
top). In contrast, we found that a small amount of F-actin frag-
ments was randomly distributed in the cytosol in cells not
treated with HA (Fig. 6A, a). Consequently, a very low level of
tumor cell invasion was observed in these samples without HA
treatment (Table 3, top). The fact that treatment of cells with a
ROK inhibitor, Y27632 (Fig. 6A, c), or a c-Src inhibitor, PP2
(Fig. 6A, c-i), or anti-CD44 antibody (Fig. 6A, b-i) followed by
HA addition significantly inhibits F-actin formation and tumor
cell invasion (Table 3, top) suggests that HA-induced F-actin
assembly/reorganization and tumor cell invasion occur in a
CD44 and ROK/c-Src-dependent manner. Furthermore, we
have noted that stress fibers or actin fibrils were no longer
apparent, the total amount of F-actin was greatly reduced, and
the disorganized actin was primarily located at the peripheral
region of cells treated with miR-10b inhibitor (Fig. 6, C, c) or
Twist siRNA (Fig. 6B, c) following HA addition. Consequently,
cell invasion activity of these cells was also greatly reduced
(Table 3, middle and bottom). In contrast, MDA-MB-231 cells
treated with an miRNA-negative control (Fig. 6C, a and b) or
scrambled siRNA (Fig. 6B, a and b) were capable of inducing
F-actin assembly and undergoing tumor cell invasion in the
presence ofHA (Table 3,middle and bottom) as comparedwith
those cells with no HA treatment. These observations strongly
support the contention that HA-mediated CD44 interaction
with ROK, c-Src, Twist, and miR-10b signaling is directly
involved in the rearrangement of actin filaments/fibers and
tumor cell invasion in breast tumor cells.

DISCUSSION

Tumor invasion and metastasis are the primary causes of
morbidity in patients diagnosed with solid tumors, such as
breast cancer (53). It is now certain that both oncogenic signal-
ing and cytoskeleton functions are directly involved in tumor
cell-specific activities, such as tumor cell invasion of surround-
ing tissue, and metastasis (54, 55). A number of studies have
aimed at identifying those molecules that are specifically
expressed by epithelial tumor cells and also correlate with met-
astatic behavior. Among such molecules is HA, a major com-
ponent in the extracellular matrix of most mammalian tissues.
HA is a nonsulfated, unbranched glycosaminoglycan consisting
of the repeating disaccharide units D-glucuronic acid and
N-acetyl-D-glucosamine (56, 57). HA is synthesized by specific
HA synthases (57, 58) and digested into various smaller sized
molecules by various hyaluronidases (59). HA is enriched in
many types of tumors (51, 60). In cancer patients, HA concen-
trations are generally higher in malignant tumors than in cor-
responding benign or normal tissues, and in some tumor types,
the level of HA is predictive of malignancy (51). In particular,

TABLE 2
Measurement of HA-mediated ROK activity
Shown are the effects of various agents on HA-induced ROK activity (top), the
effects of Twist siRNA on HA-mediated ROK activity (middle), and the effects of
anti-miR-10b inhibitor on HA-mediated ROK activity (bottom). All data represent
mean � S.E. (with n � 5) of the ROK activity detected in each sample.

Treatments Relative kinase activity
(percentage of control)a

%
No treatment (control) 100 � 5
HA treatment 250 � 13
HA � anti-CD44 antibody treatment 102 � 4
HA � PP2 treatment 113 � 5
HA � Y27632 treatment 92 � 3

Treatments

Relative kinase activity
(percentage of control)

Scrambled siRNA-
treated cells

Twist siRNA-
treated cells

% %
No treatment (control) 100 � 4 98 � 3
HA treatment 242 � 15 102 � 5

Treatments

Relative kinase activity
(percentage of control)

miRNA negative
control-treated cells

Anti-miR-10b
inhibitor-treated cells

% %
No treatment (control) 100 � 5 103 � 5
HA treatment 248 � 10 105 � 4

a In vitro ROK activity in MDA-MB-231 cells (untreated or pretreated with anti-
CD44 antibody or PP2 (5 �M) or Y27632 (5 �M) or transfected with Twist siRNA
or scrambled siRNA or miRNA negative control or anti-miR-10b inhibitor fol-
lowed by 50 �g/ml HA addition) wasmeasured as described under “Materials and
Methods.” Specifically, samples were incubated with a kinase reaction buffer with
ATP in plates precoated with a Rho-kinase substrate corresponding to the C
terminus of recombinant MBS, which contains a threonine residue that can be
phosphorylated, and the product was then detected by an HRP-conjugated anti-
bodyAF20 recognizing Thr696 ofMBS. AnHRP-mediated color reactionwas then
measured in a spectrophotometric plate reader at dual wavelengths of 450/540
nm. The absorbance data were analyzed. The ROK activity in untreated cells (top;
control), scrambled siRNA-treated cells without HA (middle; control), or miRNA
negative control-treated cells withoutHA (bottom; control) is designated as 100%.
The values expressed in this table represent an average of triplicate determina-
tions of five experiments.
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HA levels have been found to be
clearly elevated in the serum of
breast cancer patients (61).
HA interacts with a specific cell

surface receptor, CD44, which
belongs to a family of multifunc-
tional transmembrane glycopro-
teins expressed in numerous cells
and tissues, including tumor cells
and carcinoma tissues (1–16). The
fact that both CD44 and HA are
overexpressed at sites of tumor
attachment and that HA binding to
CD44 stimulates a variety of tumor
cell-specific functions and tumor
progression (9, 22, 27) suggests that
HA-CD44 interaction is a critical
requirement for tumor progression.
In this study, we have focused spe-
cifically on investigating the role of
HA-mediated CD44 interaction
with unique downstream signaling
activators and effectors that coordi-
nate intracellular signaling path-
ways required for breast tumor cell
invasion.
It has been reported that CD44-

mediated cellular signaling involves
Src kinase family members (62). For
example, Lck (one of the Src kinase
family members) is found to be
closely complexed with CD44 dur-
ing T-cell activation (62). CD44 also
selectively associates with active
Src family tyrosine kinases (e.g. Lck
and Fyn) in glycosphingolipid-rich
plasma membrane domains of
human peripheral blood lympho-
cytes (63). Moreover, the cytoplas-
mic domain of CD44 has been
shown to be involved in a complex
formation with the Src family (e.g.
Src, Yes, and Fyn) in prostate tumor
cells during anchorage-indepen-
dent colony growth (2). Collectively,
these observations support the
notion that c-Src kinases directly
participate in CD44-mediated cel-
lular signaling.
In a search for a new c-Src target

involved in HA/CD44-mediated tu-
mor invasion and metastasis, we
identified the transcription factor
Twist. It has been shown that Twist
overexpression promotes the epi-
thelial to mesenchymal transition,
cell survival, angiogenesis, and che-
moresistance in vitro (43, 64, 65).

FIGURE 6. Immunofluorescence staining of F-actin in MDA-MB-231 cells. MDA-MB-231 cells treated with
various agents were fixed by 2% paraformaldehyde. Subsequently, cells were rendered permeable by ethanol
treatment and stained with FITC-conjugated phalloidin as described under “Materials and Methods.” A, local-
ization of FITC-phalloidin-labeled F-actin in MDA-MB-231 cells treated with no HA (a) or with HA for 30 min (b)
or pretreated with anti-CD44 antibody plus 30 min of HA addition (inset b-i) or pretreated with Y27632 (c) or PP2
(inset c-i) for 1 h plus 30 min of HA addition. B, localization of FITC-phalloidin-labeled F-actin in cells treated with
scrambled siRNA plus no HA (a) or with HA for 30 min (b) or in cells pretreated with Twist siRNA plus 30 min of
HA addition (c). C, localization of FITC-phalloidin-labeled F-actin in cells treated with miRNA-negative control
agent plus no HA (a) or with HA for 30 min (b) or in cells pretreated with anti-miR-10b inhibitor plus 30 min of
HA addition (c).
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However, the molecular mechanism for Twist involvement in
HA/CD44-activated breast cancer cells remains unknown.
Here, we have observed that HA-CD44 binding induces the
recruitment of c-Src and Twist in MDA-MB-231 cells (Fig. 1).
This signaling event then leads to Twist phosphorylation (Fig.
1) andnuclear translocation (Fig. 2), followed by transcriptional
activation (Fig. 3) in a c-Src-dependent and CD44-specific
manner.
Recently, Twist has gained attention as a putative oncogene

that regulates CD44-expressing breast cancer stem cells (44).
The binding of Twist to the E-boxes that are located at the
promoter regions of many genes (e.g. AKT2 and E-cadherin)
occurs in breast tumor cells (66, 67). In one example, Twist
binding to the E-box elements on theAKT2promoter enhances
transcriptional activity, leading to tumor cell survival and inva-
siveness in breast cancer cells (66). In another example, Twist
interaction with the E-box element of the E-cadherin promoter
can transcriptionally repress E-cadherin gene expression in
breast cancer (67). Twist overexpression has also been shown to
inducemiR-10b expression in breast tumor cells (38).However,
the molecular mechanism involved in Twist regulation of miR-

10b expression has not been fully investigated. In this study, we
have found that Twist binds to the E-box-containing promoter
of miR-10b and transcriptionally activates miR-10b expression
in HA/CD44-treated breast tumor cells (Fig. 3). Down-regula-
tion of c-Src-activated Twist by PP2 and Twist siRNA effec-
tively inhibits HA/CD44-mediated miR-10 expression (Figs. 3
and 4). These findings clearly indicate that Twist is an impor-
tant upstreamactivator formiR-10b expression in breast tumor
cells following HA-CD44 interaction.
The gene networks orchestrated by many oncogenic

miRNAs are still largely unknown, although some key targets
have been identified as being involved in breast cancer progres-
sion (68, 69). For example, our previous study found that
miR-21 can be activated by HA/CD44-activated Nanog-Stat-3
signaling in breast tumor cells, such as theMCF-7 cell line (47).
A specific tumor suppressor protein, PDCD4 (program cell
death 4) appears to serve as one of the target(s) for miR-21 in
breast tumor cells (47). We determined that miR-21 overex-
pression causes down-regulation of PDCD4 and induces up-
regulation of eIF4E, which is a translation initiation factor lead-
ing to overexpression of cyclin D1, MDR1 (multidrug-resistant
protein)/P-glycoprotein/survivin, and breast tumor cell func-
tions (e.g. tumor cell growth, survival, and chemotherapy resis-
tance) (47). To further identify the target(s) affected by
HA/CD44-mediated miR-10b function, we focused on
HOXD10, a homeobox transcription factor (39). HOXD10
expression has been shown to be progressively reduced in epi-
thelial cells as malignancy increases in breast tumors (38). A
previous study also showed that sustained expression of
HOXD10 in MDA-MB-231 cells significantly impairs the abil-
ity of these breast tumor cells to form tumors in mouse
xenografts (70). These findings suggest that HOXD10 func-
tions as a tumor suppressor inmammary epithelial cells (70). In
this study, we have demonstrated that HA/CD44-activated
c-Src/Twist signaling regulates miR-10b production and
HOXD10 down-regulation (Fig. 5), resulting in enhanced
expression of RhoGTPases (Fig. 5).
Activated RhoA has been shown to induce membrane pro-

trusion in the epithelial cells (24–27). RhoC, which shares at
least 85% sequence homology with RhoA, also participates in
the remodeling of the cytoskeleton (24–27, 71, 72). Accumu-
lating evidence suggests that both RhoA and RhoC are critical
for breast tumor invasion and/or metastasis (24–27, 71, 72). In
particular, a correlation between the invasion activity of differ-
ent tumor cells and the requirement of RhoA/RhoC-activated
signaling has been suggested (24–27, 71, 72). Several different
enzymes have been identified as possible downstream targets
for RhoA/RhoC signaling. One such enzyme is ROK, which is a
serine-threonine kinase known to interact with Rho in a GTP-
dependent manner (30, 31). This enzyme has been shown to
regulate cytoskeleton function by phosphorylating several
important cytoskeletal regulators, including MBS (31), calpo-
nin (73), adducin (74), and LIM kinase (75). ROK is also
involved in the “cross-talk” between Ras and Rho signaling
leading to cellular transformation (76). A previous study also
determined that ROK is responsible for the phosphorylation of
CD44-associated cytoskeletal proteins during actin filament
and plasma membrane interaction. When ROK is overex-

TABLE 3
Measurement of HA-mediated breast tumor cell invasion
Shown are the effects of various agents on HA-induced breast tumor cell invasion
(top), the effects of Twist siRNA on HA-mediated breast tumor cell invasion (mid-
dle), and the effects of anti-miR-10b inhibitor on HA-mediated breast tumor cell
invasion (bottom).�ll data representmean� S.E. (withn� 5) of the number of cells
undergoing invasion in each sample.

Treatments Tumor cell invasion
(percentage of control)a

No treatment (control) 100 � 5
HA treatment 220 � 18
HA � anti-CD44 antibody treatment 94 � 3
HA � PP2 treatment 105 � 2
HA � Y27632 treatment 102 � 4

Treatments

Tumor Cell Invasion
(percentage of control)

Scrambled siRNA-
treated cells

Twist siRNA-
treated cells

No treatment (control) 100 � 3 88 � 3
HA treatment 215 � 11 82 � 3

Treatments

Tumor cell invasion
(percentage of control)

miRNA negative
control-treated cells

Anti-miR-10b
inhibitor-treated cells

No treatment (control) 100 � 4 88 � 3
HA treatment 205 � 14 82 � 2

a Twenty-four transwell units containing 5-�m porosity polycarbonate filters
coated with the reconstituted basement membrane substanceMatrigel were used
for monitoring in vitro tumor cell invasion. Specifically, MDA-MB-231 cells (1 �
104 cells/well untreated or pretreated with anti-CD44 antibody or PP2 (5 �M) or
Y27632 (5 �M) or transfected with Twist siRNA or scrambled siRNA or miRNA
negative control or anti-miR-10b inhibitor) were placed in the upper chamber of
the transwell unit in the presence of 50�g/mlHA.The growthmediumcontaining
high glucose DMEM supplemented by 10% fetal bovine serum was placed in the
lower chamber of the transwell unit. After an 18-h incubation at 37 °C in a humid-
ified 95% air, 5% CO2 atmosphere, cells on the upper side of the filter were
removed by wiping with a cotton swab. Cell invasion processes were determined
by measuring the cells that migrated to and invaded the lower side of the polycar-
bonate filters by standard cell number counting methods. The CD44-specific cell
invasion was determined by subtracting nonspecific cell invasion (i.e. cells that
migrated (invaded) to the lower chamber in the presence of anti-CD44 antibody
treatment). The CD44-specific cell invasion in untreated cells (Table 2, top, con-
trol) or scrambled siRNA-treated cells without HA (Table 2, middle, control) or
miRNA negative control-treated cells without HA (Table 2, bottom, control) is
designated as 100%. The values expressed in this table represent an average of
triplicate determinations of five experiments.
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pressed or constitutively activated, changes in actin cytoskele-
ton organization occur that are similar to those observedduring
normal Rho-activated conditions (31). ROK is overexpressed in

breast tumor cells and is capable of
phosphorylating the cytoplasmic
domain of CD44 (11). Moreover,
phosphorylation of the cytoplasmic
domain of CD44 by ROK enhances
its binding interaction with the
cytoskeletal protein ankyrin (11).
Overexpression of the Rho-binding
domain (a dominant negative form)
of ROK by transfecting breast
tumor cells with RB cDNA induces
reversal of tumor cell-specific phe-
notypes (11). These findings sup-
port the notion that ROK plays a
pivotal role in CD44-cytoskeleton
interaction and Rho-mediated on-
cogenic signaling required for mem-
brane-cytoskeleton function and
metastatic tumor cell migration. In
this study, we have found that
down-regulation of HA/CD44-acti-
vated c-Src/Twist signaling (by
PP2/Twist siRNA) and miR-10b
production (by anti-miR-10b inhib-
itor) not only induces HOXD10 up-
regulation (Fig. 5) but also inhibits
the expression of RhoGTPases (e.g.
RhoA and RhoC) (Fig. 5). Subse-
quently, these signaling perturba-
tion events contribute to inhibition
of ROK activity and impairment of
cytoskeleton organization (Fig. 6),
ROK activity, and tumor cell inva-
sion (Tables 2 and 3). These findings
clearly establish causal links be-
tweenc-Src/Twist signalingandmiR-
10b function, including HOXD10
down-regulation, and RhoGTPase-
associated cytoskeleton activation.
As summarized in Fig. 7, we pro-

pose that HA binding to CD44 (step
1) promotes c-Src phosphorylation
(kinase activation) (step 2), which, in
turn, causes phosphorylation of
Twist (step 3). Phosphorylated
Twist then translocates from the
cytosol to the nucleus and interacts
with the E-box elements of the
mR-10b promoter (step 4), resulting
in miR-10b gene expression (step 5)
and mature miR-10b production
(step 6). The resultantmiR-10b then
functions todown-regulate the tumor
suppressor protein (HOXD10) (step
7a) and promotes tumor cell activa-

tion (e.g. RhoA/RhoC up-regulation, ROK activation, and
cytoskeleton reorganization) (step 8a), leading to breast tumor
cell invasion. In direct contrast, treatment of breast tumor cells

FIGURE 7. A proposed model for HA/CD44-mediated c-Src activation and Twist signaling in the regula-
tion of miRNA-10b production, HOXD10/RhoGTPase expression, and cytoskeleton function in breast
tumor cells. HA binding to CD44 (step 1) promotes c-Src phosphorylation (kinase activation) (step 2), which, in
turn, causes phosphorylation of Twist (step 3). Phosphorylated Twist then translocates from the cytosol to the
nucleus and interacts with the E-box elements of mR-10b promoter (step 4), resulting in miR-10b gene expres-
sion (step 5) and mature miR-10b production (step 6). The resultant miR-10b then functions to down-regulate
the tumor suppressor protein (HOXD10) (step 7a) and promotes tumor cell activation (e.g. RhoA/RhoC up-reg-
ulation, ROK activation, and cytoskeleton reorganization) (step 8a), leading to breast tumor cell invasion. In
direct contrast, treatment of breast tumor cells with an anti-miR-10b inhibitor induces tumor suppressor
protein (HOXD10) up-regulation (step 7b; indicated by the arrow with dashed lines). Subsequently, these
changes result in tumor cell inactivation, including down-regulation of RhoGTPase (RhoA/RhoC) expression
(step 8b; indicated by the arrow with dashed lines) and inhibition of ROK-cytoskeleton functions (e.g. tumor cell
invasion) (step 8b; indicated by the arrow with dashed lines) in breast tumor cells.
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with an anti-miR-10b inhibitor induces tumor suppressor pro-
tein (HOXD10) up-regulation (step 7b). Subsequently, these
changes result in tumor cell inactivation, including down-reg-
ulation of RhoGTPase (RhoA/RhoC) expression and inhibition
of ROK-cytoskeleton functions (e.g. tumor cell invasion) (step
8b) in breast tumor cells. In recent years, compelling evidence
has accumulated that tumor invasion and metastasis can be
initiated by miR-10b in breast cancer (38). Thus, the results of
this study elucidating the HA/CD44 signaling pathway-specific
mechanisms involved inmiR-10b production are significant for
the formulation of future intervention strategies in the treat-
ment of breast cancer invasion and/or metastasis.
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